Embryonic stem (ES) cells are derived from blastocyst-stage embryos and are thought to be functionally equivalent to the inner cell mass, which lacks the ability to produce all extraembryonic tissues. Here we identify a rare transient cell population within mouse ES and induced pluripotent stem (iPS) cell cultures that expresses high levels of transcripts found in two-cell (2C) embryos in which the blastomeres are totipotent. We genetically tagged these 2C-like ES cells and show that they lack the inner cell mass pluripotency proteins Oct4 (also known as Pou5f1), Sox2 and Nanog, and have acquired the ability to contribute to both embryonic and extraembryonic tissues. We show that nearly all ES cells cycle in and out of this privileged state, which is partially controlled by histone-modifying enzymes. Transcriptome sequencing and bioinformatic analyses showed that many 2C transcripts are initiated from long terminal repeats derived from endogenous retroviruses, suggesting this foreign sequence has helped to drive cell-fate regulation in placental mammals.
Embryonic stem (ES) cells are derived from blastocyst-stage embryos and are thought to be functionally equivalent to the inner cell mass, which lacks the ability to produce all extraembryonic tissues. Here we identify a rare transient cell population within mouse ES and induced pluripotent stem (iPS) cell cultures that expresses high levels of transcripts found in two-cell (2C) embryos in which the blastomeres are totipotent. We genetically tagged these 2C-like ES cells and show that they lack the inner cell mass pluripotency proteins Oct4 (also known as Pou5f1), Sox2 and Nanog, and have acquired the ability to contribute to both embryonic and extraembryonic tissues. We show that nearly all ES cells cycle in and out of this privileged state, which is partially controlled by histone-modifying enzymes. Transcriptome sequencing and bioinformatic analyses showed that many 2C transcripts are initiated from long terminal repeats derived from endogenous retroviruses, suggesting this foreign sequence has helped to drive cell-fate regulation in placental mammals.
The zygote and its daughter cells are totipotent because they are able to develop into all embryonic and extraembryonic cell types 1, 2 . The progeny of these first two daughter cells become progressively more faterestricted as they activate distinct patterns of gene expression that first direct them towards one of three broad lineages: Oct4 1 Sox2 1 Nanog 1 epiblast cells that give rise to the embryo, Gata4 1 /6 1 primitive endoderm cells that contribute to extraembryonic membranes that encase the embryo, and Cdx2 1 trophectoderm cells that form a large part of the placenta 3 . These early cell-fate decisions represent a major and relatively recent advance in mammalian evolution in which the placenta and extraembryonic tissues that support the intrauterine nourishment of the fetus allow development to progress further before birth. The epigenetic landscape of the zygote changes markedly during the first cell divisions. Shortly after fertilization, the oocyte maternal transcripts are replaced with newly synthesized RNAs generated by activating transcription of the zygotic genome [4] [5] [6] . The unique transcriptional profile of the zygote and its daughter cells defines a brief period when the cells are totipotent.
Mouse ES cells are isolated from the inner cell mass (ICM) of blastocysts that have already become a separate lineage from the trophectoderm 7, 8 . ICM-derived ES cells are regarded as pluripotent because they have the capacity to generate tissues of the fetus, but they are extremely inefficient at colonizing the extraembryonic tissues 9 . The rare contribution of ES cells to extraembryonic tissues could be explained by contamination of ES cultures with trophectoderm or primitive endoderm-committed cells, or may occur because rare ES cells have acquired the ability to produce extraembryonic tissues in addition to embryonic tissues. This latter possibility is intriguing, because recent evidence shows that ES cell cultures are a heterogeneous mixture of metastable cells with fluctuating expression of genes such as Zscan4, stella (also known as Dppa3), Nanog, Sox17 and Gata6, which could account for special attributes of individual cells [10] [11] [12] [13] [14] .
A large number of retrotransposons are expressed when the zygotic genome is first transcribed, including the endogenous retroviruses (ERVs), long interspersed nuclear element-1 (LINE-1), and the non-autonomous short interspersed elements (SINEs) 15 . At the 2C stage, murine endogenous retrovirus with leucine tRNA primer (MuERV-L, also known as MERVL and Erv4) elements are transiently derepressed and produce 3% of the transcribed messenger RNAs [15] [16] [17] . After the 2C stage, MuERV-L retroelement expression is silenced 18, 19 . We discovered that this regulated pattern of MuERV-L expression overlapped with more than 100 2C-specific genes that have co-opted regulatory elements from these foreign retroviruses to initiate their transcription. We exploited the regulated activity of these 2C virus-derived promoters to label cells, and found that both ES and iPS cell cultures contain a small but relatively constant fraction of cells that has entered into the 2C-transcriptional state. Purification of these 2C-like cells shows that they have unique developmental characteristics and efficiently produce progeny for extraembryonic and embryonic lineages.
Identification of a 2C-like state within ES cultures
To identify zygotically activated genes we performed deep RNA sequencing (RNA-seq) on mouse oocytes and 2C-stage embryos. A comparison of the transcripts in these cells identified a large number of genes and retrotransposons that became expressed in the 2C embryo, as well as numerous transcripts that were downregulated ( Fig. 1a and Supplementary Table 1 ). The most highly activated repeat was the MuERV-L family of retroviruses and their corresponding long terminal repeat (LTR) promoters (Mt2_mm), which were activated more than 300-fold (Supplementary Table 1 ). Sequence alignments showed that more than 25% of the nearly 700 copies of MuERV-L elements were activated, and that 307 genes generated chimaeric transcripts with junctions to MuERV-L elements ( Fig. 1a and Supplementary Table 2 ), including 10 that were previously described 15 . Of the 626 chimaeric transcripts generated, .90% were 59 LTR-exon fusions that generated open reading frames (ORFs), suggesting that these LTRs had become functional promoters for protein-coding genes ( Fig. 1b and Supplementary Fig. 1a ). The most significantly enriched Gene Ontology categories representing these chimaeric proteins were regulation of transcription, ion binding, translation, nucleotide binding and mRNA transport ( Fig. 1c ). Two notable transcription factors that used alternate MuERV-L-LTR promoters were Gata4 and Tead4, which are important for the specification of primitive endoderm and trophectoderm, respectively [20] [21] [22] .
Because more than 300 of the nearly 700 copies of the MuERV-L endogenous retroviruses still encode Gag viral protein, we stained 2C and early blastocyst embryos to confirm that viral Gag was expressed and developmentally regulated. We found that 2C embryos express Gag but lack the pluripotency marker Oct4, whereas blastula cells lack Gag but express Oct4 (Fig. 1d, e ). Thus, MuERV-L activity is developmentally regulated and these retroviral promoters have been co-opted by many cellular genes to impose tight control over their expression.
Next we asked whether it was possible to use the regulatory sequences from MuERV-L elements to label 2C cells. We cloned the MuERV-L 59 LTR, the primer-binding site, and a portion of the gag gene upstream of the red fluorescent protein tandem dimeric Tomato (tdTomato). We injected fertilized eggs with the 2C::tdTomato construct and monitored the expression of tdTomato during culture in vitro. tdTomato expression was highest in arrested zygotes and 2C embryos and became downregulated at the morula stage ( Fig. 1f and Supplementary Movie 1). Notably, when we introduced the 2C::tdTomato construct into ES cells and selected for clonal stable integrants, we found several colonies that contained 1-5 cells that were strongly labelled with tdTomato among cells lacking expression of the reporter (Fig. 1g ). We also found that rare ES cells expressed MuERV-L mRNA and Gag protein, and that these overlapped with 2C::tdTomato 1 cells ( Fig. 1g and Supplementary Fig. 1b, c) . The 
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correspondence between the 2C::tdTomato reporter and MuERV-L expression was further confirmed by immunoblotting, and electron microscopy imaging of viral epsilon particles encoded by MuERV-L within the endoplasmic reticulum of tdTomato 1 cells but not tdTomato 2 cells ( Supplementary Fig. 1d, e ). Thus, MuERV-L expression is restricted in vivo to 1-4-cell-stage embryos and is reactivated within a small subpopulation of ES cells derived from blastocysts. To characterize the unexpected 2C::tdTomato-labelled cells within ES cultures, we sorted tdTomato 1 and tdTomato 2 cells and performed microarray and mRNA sequencing analyses ( Fig. 1h and Supplementary Tables 3-5 ). tdTomato 1 cells expressed 55-fold higher levels of MuERV-L transcripts than tdTomato 2 cells, but the vast majority of other retrotransposons were unaffected ( Supplementary Table 3 ). Notably, tdTomato 1 cells had 165 transcripts activated more than fourfold, and no genes repressed more than fourfold compared with tdTomato 2 cells ( Fig. 1h , Supplementary Table 4 and Supplementary  Fig. 2a-f ). Among the genes that were highly enriched in tdTomato 1 cells, several were previously shown to be restricted to the 2-4-cell stage of development, including Zscan4, Tcstv1/3, Eif1a, Gm4340 (also known as Thoc4), Tdpoz1-5 and Zfp352 (refs 23-25). In total, 525 genes that were enriched in 2C::tdTomato 1 cells were also activated at the 2C stage, including 52 genes that generated chimaeric transcripts linked to MuERV-L elements ( Supplementary Tables 6 and 7) .
A hallmark of the ICM and ES cells is their expression of Oct4, Sox2 and Nanog, whereas totipotent 2C embryos do not express Oct4 ( Fig. 1d, e ). We found that 2C::tdTomato 1 cells within ES cultures also lacked Oct4, Sox2 and Nanog ( Fig. 1i and Supplementary Fig. 1f ). The reduction in Oct4, Sox2 and Nanog protein labelling occurred despite no changes in their mRNA levels, suggesting that the regulation is occurring post-transcriptionally ( Fig. 1h -i and Supplementary Fig. 2g ). In summary, 2C::tdTomato labels a subset of ES cells that share transcriptional and proteomic features of 2C embryos and display markedly different patterns of pluripotency markers from most ES cells in culture.
ES cells cycle in and out of the 2C state
We considered the possibility that the expression of the 2C::tdTomato reporter and MuERV-L-Gag protein in sporadic cells within ES cultures might arise from contamination with trophectoderm or primitive endoderm. To exclude this possibility, we examined iPS cells derived from mouse fibroblasts because they should not be contaminated with cells from blastocyst embryos. Similar to ES cells, we found that sporadic iPS cells express the MuERV-L-Gag protein and lack Oct4 (Fig. 1i ). Thus, the heterogeneity within ES cultures is a property that is shared with iPS cell cultures and is unlikely to arise from a cell contaminant.
Next we examined whether the 2C::tdTomato 1 cells represent a stable cell population or whether ES cells transition in and out of this 2C-like state. We used a Cre/loxP fate-mapping strategy to indelibly mark cells that had expressed 2C genes ( Supplementary Fig. 3a-c) . We generated a transgenic mouse line using the MuERV-L regulatory elements driving expression of a tamoxifen-inducible Cre recombinase (2C::ERT2-Cre-ERT2; Supplementary Fig. 3a ). These mice were then mated with Cre-responsive reporter lines (ROSA::LSL-tdTomato and ROSA::LSL-LacZ; Supplementary Fig. 3b ). ES cell lines were derived from double-positive transgenic blastocysts ( Supplementary Fig. 3c ). After addition of 4-hydroxytamoxifen (4HT) to the ES cultures we detected nuclear Cre expression in MuERV-L-Gag 1 cells (Supplementary Fig. 3d ). When ES cultures were grown for 2-6 days with 4HT we found a steady increase in the percentage of reporter-positive cells ( Fig. 2a ). Remarkably, over extended passages nearly every ES cell activated the reporter (Fig. 2b ), demonstrating this transient state is regularly entered by ES cells.
To monitor the kinetics of the interconversion between 2C::tdTomato 1 and 2C::tdTomato 2 cells we performed flow cytometry to collect tdTomato 1 and tdTomato 2 cells. When these purified subpopulations were cultured we found that tdTomato 1 cells produced tdTomato 2 cells and vice versa ( Fig. 2c ). Within 24 h nearly 50% of the tdTomato 1 cells convert to tdTomato 2 , independently of the starting percentages of the two different cell populations ( Fig. 2c and data not shown). Under hypoxic conditions (5% O 2 ), the percentage of cells expressing the 2C::tdTomato reporter was decreased, which could be reversed by shifting the cultures back to 20% O 2 (Fig. 2d ). We also found that growing cells for 48 h in 'ground-state' media conditions (2i media 26 ) reduced but did not eliminate the presence of tdTomato 1 cells relative to media containing knockout serum replacement, suggesting 
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extrinsic and intrinsic mechanisms regulate the MuERV-L and 2C gene network (Fig. 2e) .
The 2C-ES switch is regulated by histone modification
After activation of the zygotic genome in mouse development, histone deacetylation and histone H1 synthesis lead to the formation of repressive chromatin that is thought to limit the broad pattern of transcription present in 2C embryos 27, 28 . Using indirect immunofluorescence, we found that tdTomato 1 cells had markedly higher levels of active histone marks, including methylation of histone 3 lysine 4 (H3K4) and acetylation of H3 and H4 ( Supplementary Fig. 4a ), a finding confirmed using immunoblot analysis of sorted cell populations (Fig. 3a) . This type of chromatin mirrors that found in 2C embryos 28 . Next we tested whether tdTomato 1 cells had different levels of DNA methylation compared with non-labelled ES cells. We found that the MuERV-L sequences were hypomethylated in tdTomato 1 cells compared with tdTomato 2 cells. In contrast to the MuERV-L sequences, intracisternal A-type particle retroviruses were highly methylated in both tdTomato 1 and tdTomato 2 cells, suggesting the altered pattern of methylation was not uniform across the genome ( Supplementary Fig. 4b ). In summary, these data suggest that as ES cells (re)enter into the 2C state, their chromatin and DNA is altered to favour transcription in a way that mirrors the 2C embryo.
We previously demonstrated that MuERV-L and 2C-specific genes were increased in mutant ES cells lacking the histone lysine-specific demethylase gene Kdm1a (also known as LSD1) 29 . To test whether other proviral co-repressors and histone-modifying enzymes also influence 2C-specific gene expression we profiled the transcriptome of ES cells with homozygous mutations in the KRAB (Kruppelassociated box)-associated transcriptional repressor Kap1 and the H3K9 histone methyltranferase G9a [29] [30] [31] . We found that MuERV-L and several 2C genes were significantly upregulated in Kdm1a, Kap1 and G9a mutant ES cells ( Fig. 3b, Supplementary Fig. 5b, c and Supplementary Table 7 ). These findings were confirmed using in situ hybridization and immunofluorescence microscopy ( Fig. 3c and Supplementary Fig. 5d ). Treatment of 2C::tdTomato ES lines with the histone deacetylase inhibitor trichostatin A also increased the number of tdTomato 1 cells fourfold (Fig. 3d ). To understand better how 2C gene regulation is controlled when chromatin repressors are acutely eliminated we used a stably integrated 2C::tdTomato ES line that is homozygous for a floxed allele of Kdm1a and contains a Cre-ERT transgene that can be activated with 4HT. Within 24 h of deleting Kdm1a we found a tenfold increase in tdTomato 1 cells that was steadily maintained (Fig. 3e ). In addition, fluorescence-activated cell sorting (FACS)-purified tdTomato 2 cells more rapidly became tdTomato 1 in the absence of Kdm1a (Fig. 3f) , and stayed in this state longer ( Supplementary Movies 2 and 3) . These findings suggest that Kdm1a, Kap1, G9a and histone deacetylases all contribute to the repression of 2C genes in ES cells, and that they function by altering the equilibrium between the 2C::tdTomato 1 and 2C::tdTomato 2 states.
2C-like ES cells have expanded fate potential
Because 2C-like cells within ES cultures express high levels of 2Crestricted genes found in totipotent blastomeres and reduced levels of pluripotency-associated proteins, we reasoned that this subpopulation of ES cells might have distinct functional characteristics. We tested whether 2C::tdTomato 1 cells have acquired the ability to produce extraembryonic tissues, a characteristic that ES cells lack. We used FACS to collect tdTomato 1 and tdTomato 2 cells from a 2C::tdTomato ES line, and injected four cells into morula-stage embryos. The tdTomato 2 cells contributed exclusively to the ICM of all five chimaeric blastocysts analysed (Fig. 4a) . By contrast, the tdTomato 1 cells contributed to the trophectoderm (in four out of five chimaeric embryos) in addition to the ICM (in three out of five chimaeric embryos) (Fig. 4a) . To track the fate of the 2C::tdTomato ES cells later in development, we injected blastocysts with tdTomato 1 or 
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tdTomato 2 cells that were pre-infected with a lentivirus encoding green fluorescent protein (GFP) from a constitutively active Ef1a promoter (Ef1a::GFP). tdTomato 2 GFP 1 cells contributed exclusively to embryonic tissues, whereas tdTomato 1 GFP 1 cells contributed to embryonic endoderm, ectoderm, mesoderm, the germ lineage as well as the yolk sac and placenta (Fig. 4b, c and Supplementary Fig. 6a, b) . The extraembryonic contribution of the tdTomato 1 GFP 1 cells included giant trophoblast cells of the placenta (Fig. 4c) . Thus, the developmental potential of 2C::tdTomato 1 cells includes embryonic plus extraembryonic tissues in contrast to most ES cells in culture, which are restricted to generating only embryonic cell types. We next examined whether Kdm1a mutant ES lines, which contain higher frequencies of 2C::tdTomato 1 cells, also had increased potency in mouse chimaera assays. As expected, Kdm1a heterozygous ES cells contributed exclusively to embryonic tissues (in five out of five chimaeric embryos) but never to extraembryonic tissues (Fig. 4d) . By contrast, Kdm1a homozygous mutant ES cells generated both embryonic (in four out of six chimaeric embryos) and extraembryonic (in five out of six chimaeric embryos) tissues (Fig. 4d ). To confirm the increased potential of Kdm1a mutant ES cells, we used a competition chimaera assay. We co-injected a 1:1 mixture of control loxP-flanked (floxed) Kdm1a fl/fl and homozygous Kdm1a knockout ES cells into five wildtype blastocysts. PCR was then used to detect the appearance of Kdm1a fl/fl or knockout cells in dissected tissues. We detected Kdm1a fl/fl ES cells in the embryonic tissues and amnion, but not the yolk sac or placenta (Fig. 4e) . By contrast, Kdm1a mutant ES cells contributed to embryonic tissues, the amnion, yolk sac and placental tissues, including giant trophoblast cells and primordial germ cells (Fig. 4e, f) . Thus, the artificial activation of 2C genes achieved by removing Kdm1a is associated with expanded fate potential.
We have shown that 2C::tdTomato 1 cells within ES cultures have increased potency, but it is unclear whether entrance into this state is essential for their long-term pluripotency. To test this possibility, we performed serial depletion of 2C-like ES cells by genetic ablation with diptheria toxin (DTA). We generated ES lines by crossing 2C::ERT2-Cre-ERT2 mice ( Supplementary Fig. 3a) with a Cre-responsive DTA allele (ROSA::LSL-DTA) and treated the ES line with 4HT for 20 passages ( Supplementary Fig. 7a ). We found that these 2C-depleted ES cultures were still capable of generating high contribution chimaeras ( Supplementary Fig. 7b ), although their differentiation was biased towards mesoderm and ectoderm lineages in vitro ( Supplementary  Fig. 7c ). These data suggest that occasional entry into the 2C-like state might help to preserve the broad embryonic fate potential of ES cells.
Discussion
In mammalian development, the zygote and its daughter cells progress from totipotent cells capable of generating an entire mouse to more lineage-restricted inner and outer cells of the morula capable of generating embryonic or extraembryonic lineages, respectively. A key transcriptional feature of the totipotent cells is the onset of zygote genome activation in which the embryo switches from a maternal to a zygotic transcriptome. To mark cells at this early stage of embryonic development, we generated a reporter with the regulatory elements from the endogenous retrovirus MuERV-L, which is highly restricted to the zygote/2C stage. Surprisingly, we found that rare ES and iPS cells expressed the reporter. When we characterized these cells, we found that they lacked expression of the pluripotency proteins Oct4, Sox2 and Nanog. Instead, these rare cells expressed a large number of genes restricted to the 2C stage, and most importantly, were capable of forming both embryonic and extraembryonic lineages (Fig. 5a, b) . Our studies identify a rare 2C-like cell in ES cultures that has expanded fate potential.
Although it is unclear how MuERV-L and other 2C genes regulate potency, several lines of evidence indicate that 2C-like cells are required for the health and maintenance of ES cultures. First, we found that nearly all cells enter into the 2C-like state over increasing passage. Second, when we depleted 2C-like ES cells from cell cultures we found that their differentiation characteristics were altered to generate more ectoderm and mesoderm derivatives. Third, functional studies of the Zscan4 gene, found adjacent to a full-length MuERV-L element and highly enriched within 2C::tdTomato 1 cells, have shown that it is required for the maintenance of telomeres within ES cultures 14 .
Another important question that remains is whether the selection of 
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these special ES cells can be used for practical purposes, such as reprogramming somatic nuclei. This idea is supported by the finding that 2C genes are not properly activated in cloned embryos, and that reprogramming efficiency is enhanced by inhibition of histone deacetylases and Kdm1a, which repress the 2C state [32] [33] [34] . Thus, overexpression of one or several MuERV-L-linked 2C genes or inhibition of other 2C gene repressors may be useful strategies to facilitate reprogramming. This possibility is supported by the recent finding that forced Zscan4 expression in fibroblasts enhances their iPS cell reprogramming efficiency 35 . Transposable elements are a major driving force of evolution. Our findings support the notion that the co-option of retrotransposable elements by cellular genes can act as an evolutionary mechanism for coordinately linking the expression of many genes 15, 29, 36 . Transposon sequences have recently been shown to have a crucial role in rewiring gene regulatory networks in ES cells and in the endometrium that contributed to the evolution of pregnancy in mammals 37, 38 . It has also been speculated that ERVs were involved in the evolution of the placenta by providing fusogenic envelope genes adapted for formation of the syncytiotrophoblasts 39 . We suggest that endogenous retroviruses, which are found in all placental mammals 40 , may have had an equally important gene regulatory role in early mammalian development, by contributing to the specification of cell types and leading to the formation of placental tissues.
METHODS SUMMARY
2C::tdTomato was created by digesting the MuERV-L-LTR-Gag clone 9 (ref. 29) with MluI and HindIII, resulting in MuERV-L-LTR 1-730, and was ligated into pcDNA3 hygro tdTomato with the cytomegalovirus (CMV) promoter removed. To generate 2C::tdTomato ES cells, Kdm1a fl/fl ; Cre-ERT ES cells were transfected with 2C::tdTomato using Lipofectamine 2000 (Invitrogen) and selected with 150 mg ml 21 hygromycin for 7 days. Colonies containing tdTomato 1 cells were then picked and expanded. 2C::ERT2-Cre-ERT2 was generated by replacing tdTomato with an ERT2-Cre-ERT2 insert using EcoR1 and Not1 sites. DNA was linearized with Mlu1 and AvrII sites before injection into embryos to generate transgenic mice. The resulting mice were mated with ROSA::LSL-tdTomato mice (JAX 007905), ROSA::LSL-DTA mice (JAX 010527) or ROSA::LSL-LacZ mice (gift from D. Anderson laboratory), and ES lines were derived using standard procedures. Kdm1a GT/GT , Kdm1a fl/fl , Kap1 and G9a mutant ES cells were described previously [29] [30] [31] . RNA-seq from oocytes and 2C embryos was performed by lysing litters of embryos (5-10 embryos) in prelude direct lysis buffer (Nugen), and amplifying RNA using the ovation RNA-seq system (Nugen) before library construction using the Tru-seq RNA sample prep kit (Illumina). Microarray, quantitative PCR with reverse transcription (qRT-PCR), immunostaining and chimaeric mouse injections were performed as described 29 . All animal experiments we performed in accordance with the Salk Institute Institutional Animal Care and Use Committee guidelines. 
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